Background: Numerous surgical options exist to treat chondral lesions in the knee, including microfracture (MFx), osteochondral autograft transplantation (OAT), first-generation autologous chondrocyte implantation (ACI-1), and next-generation ACI (ACI-2).
They occur in approximately 12% of the population, and some degree of articular cartilage pathology has been identified in more than 60% of arthroscopic knee procedures. 1, 2, 25 These lesions are most common in the medial compartment followed by the patellofemoral compartment. 5 There have been multiple treatments proposed for focal knee chondral lesions, including microfracture (MFx), osteochondral autograft transplantation (OAT), osteochondral allograft transplantation, first-generation autologous chondrocyte implantation (ACI-1), and next-generation ACI (ACI-2). 21 The Orthopaedic Journal of Sports Medicine, 5(5), 2325967117704634 DOI: 10.1177/2325967117704634
First-generation ACI involves embedding chondrocytes into the lesion under a periosteal patch. Newer ACI procedures (ACI-2) embed chondrocytes within biological or engineered matrices. Because of the presence of focal cartilage lesions and the economic burden associated with different treatment modalities, this injury is an immense socioeconomic issue. 25 No studies have sought to determine the costs associated with an untreated knee articular cartilage lesion. Another concern-the cost of return to sport-has not yet been distinguished because of the variability of the length of physical therapy between patients. 25 There is an increased emphasis on containing health care costs and improving health care efficiency. As such, the primary purpose of this study was to compare the cost-effectiveness of 3 common procedures for treating knee chondral lesions: MFx, OAT, and ACI-1. The secondary purpose was to compare the functional outcomes of MFx, OAT, ACI-1, and ACI-2. It was hypothesized that there would be no significant difference in the cost-effectiveness or functional outcomes of the different surgical treatment options for chondral lesions of the knee.
METHODS

Literature Search
Two independent reviewers conducted an online literature search of PubMed and the Cochrane Library through February 2016 for level 1 and 2 studies evaluating outcomes of surgical treatment for chondral defects of the knee. The following subject headings and keywords were used to retrieve articles: knee, microfracture, osteochondral autograft transplantation, mosaicplasty, autologous chondrocyte implantation, KOOS, IKDC, Lysholm, and HSS. All potentially relevant articles and those with questionable eligibility were retrieved and reviewed as well as pertinent manuscripts cited in these articles. Article eligibility and discrepancies were discussed and resolved by 2 authors (J.B.S. and D.A.H.).
Inclusion and Exclusion Criteria
Inclusion criteria were level 1 or 2 studies that measured functional outcomes with either the Lysholm, 26 International Knee Documentation Committee (IKDC) Subjective Knee form, 10, 12 Knee injury and Osteoarthritis Outcome Score (KOOS), 22, 23 and/or the Hospital for Special Surgery (HSS) Knee Score. 11 Studies included were required to be written in English, to include both pre-and postoperative patient-reported outcome scores, and to directly compare patient-reported outcomes between at least 2 of the following treatments: MFx, OAT, ACI-1, and ACI-2. Articles that did not report standard deviations for outcome scores were excluded. Patients in all included studies were required to have International Cartilage Repair Society (ICRS) grade 3 or 4 isolated cartilage lesions of the femoral condyles or trochlea.
The Lysholm, IKDC, KOOS, and HSS Knee Score are each graded on a 0-to 100-point scale. These scores were grouped together to achieve a large sample size for analysis, as described previously. 20 A weighted mean difference in preoperative to postoperative functional outcome score was calculated for each treatment. In each included study, functional outcome tests were administered at final follow-up.
Two analyses were performed. The first was an analysis of functional outcome scores after MFx, OAT, ACI-1, and ACI-2 procedures. The second analysis calculated a costper-point change in functional outcome score. The total costs associated with MFx, OAT, and ACI-1 were determined from a recent publication based on review of a national private insurance database. 32 The charges for each procedure, including for the 1-year preoperative and 1-year postoperative periods, were calculated for each patient. Charges included in this analysis were imaging, outpatient visits, rehabilitation, joint injections, and repeat procedures for postoperative complications. 32 Then, a perpatient mean charge was calculated. The cost for each procedure was then divided by the weighted mean difference in functional outcome score to give the cost-per-point change in outcome score. A comprehensive cost analysis of ACI-2 was not available, and there were not enough pre-and postoperative costs associated with ACI-2 in the literature to accurately estimate these costs ourselves. Therefore, ACI-2 was excluded from the cost-effectiveness analysis. Vendors of ACI-2 scaffolds utilized in the studies included in this analysis were contacted in an effort to provide readers with the range of costs associated with this technology, although contacts either did not respond to email or were not able to provide the information requested.
Surgical Techniques
Patients in all studies were required to have ICRS grade 3 or 4 isolated cartilage lesions of the femoral condyles or trochlea. Inclusion criteria were similar within all studies. Patients aged 18 to 50 years, 2, 4, 25, 29 18 to 55 years, 6, 7, 24 16 to 50 years, 31 and 18 to 45 years 16 were included. One study analyzed outcomes in athletes younger than 40 years. 9 Chondral defect size thresholds are shown in Table 1 .
Microfracture. All studies performed arthroscopic microfracture according to the technique described by Steadman et al. 28 First, debridement of all unstable and damaged cartilage around the lesion, as well as loose or marginally attached cartilage, was performed down to the subchondral bone plate, with removal of the calcified cartilage layer for a better clot adhesion. 16 Then, multiple penetrations of the subchondral bone were completed using an arthroscopic awl. Lim et al 18 started their hole punctures on the periphery of the lesion and continued toward the center of the lesion. Holes were placed far enough apart (3-4 mm) to avoid collapse of adjacent holes. After the holes were completed, the irrigation fluid pump pressure was lowered to visualize release of fat droplets and blood. 29 Osteochondral Autograft Transplantation. OAT was performed after arthroscopic examination and debridement. Cylindrical osteochondral plugs were harvested from nonweightbearing articular regions of the knee and transplanted into the chondral lesion. Lim et al 18 performed this operation arthroscopically. Ulstein et al 29 performed the procedure through a medial parapatellar arthrotomy or a miniarthrotomy, depending on the size and location of the lesion. Clavé et al 4 utilized a parapatellar arthrotomy in all cases. Care was taken to match the lesion size and shape with the graft(s) to achieve a press-fit transplantation. 4, 9, 18, 29 First-Generation Autologous Chondrocyte Implantation. ACI-1 was performed in a 2-procedure process. In the first procedure, a normal cartilage sample was biopsied. Lim et al 18 biopsied cartilage from the margin of the trochlea, while Knutsen et al 14 harvested cartilage from outside the loaded area on the rim of the medial femoral condyle. This sample was then cultured and expanded in vitro. In the second procedure, the autologous chondrocytes were injected back into the chondral defect beneath a periosteal patch that was harvested from the proximal tibia or distal femur. 14, 18, 31 Next-Generation Autologous Chondrocyte Implantation. 
Rehabilitation
One study utilized different rehabilitation protocols between treatment groups. 2 In general, most studies utilized a period of partial weightbearing with crutches for 6 to 8 weeks, with gradual progression to full weightbearing after 8 to 10 weeks. 2 25 used an unloader brace for 8 weeks postsurgery for all patients. Patients with a femoral condyle lesion were made nonweightbearing for 2 weeks in 1 study. 6 All patients were nonweightbearing for 2 to 4 weeks in 4 studies. 4, 10, 16, 25 Statistical Analysis Data extracted for this review included patient demographic information, pre-and postoperative functional outcome scores, follow-up duration, lesion size and location, and complications. Complications were events that led to an additional procedure(s), clinical failure as determined by individual study author(s), and/or adverse events that led to patients discontinuing the study. For continuous variables, a weighted mean and composite standard deviation was calculated for each group, as described previously. 17 A 1-way analysis of variance (ANOVA) was used to compare changes in age, functional outcome scores, follow-up duration, lesion size, and complications between the 4 treatments. A Tukey post hoc analysis was performed in cases of P < .05.
The included studies were arranged according to surgical procedure (MFx, OAT, ACI-1, ACI-2). Since there were not enough studies reporting on the comparison of the same 2 procedures, the data were not stratified based on study design. Where possible, a mean change score (D score) was determined for subjective outcome scores, and 95% CIs were determined for the effect measures. The I 2 statistic was calculated to quantify the degree of heterogeneity, and the Cochrane x 2 was used to test for heterogeneity (significance set at P < .05). An I 2 40% represents an acceptable degree of heterogeneity.
Summary measures were estimated for each procedure using random-effects models, and these were included in multiple forest plots. A random-effects model was used due to some degree of anticipated heterogeneity among the eligible studies, and this model takes into account betweenstudy variation. A meta-regression approach was not used because of the variability of procedures and subjective outcomes reported within these studies.
Meta-analyses, including tests for heterogeneity, the random-effects model, and generation of forest plots, were performed using the Metafor Package (A Meta-Analysis Package for R, http://www.metafor-project.org/).
RESULTS
The initial literature search resulted in 273 articles. A title and abstract review resulted in 12 studies that met the inclusion and exclusion criteria (Figure 1) . Six level 1 and 6 level 2 studies were included in the functional outcome score analysis (Table 1) . A total of 730 knees were analyzed for functional outcomes (MFx, n ¼ 300; OAT, n ¼ 90; ACI-1, n ¼ 68; ACI-2, n ¼ 272) ( Table 2 ). Weighted mean lesion size ranged from 1.9 to 4.7 cm 2 in the MFx group, 2.8 to 3.6 cm 2 in the OAT group, 2.8 to 5.1 cm 2 in the ACI-1 group, and 2.1 to 4.9 cm 2 in the ACI-2 group. Although lesions in the ACI-1 group were larger on average when compared with each of the other treatment groups, this was not statistically significant. The majority of lesions were present in the medial compartment in all treatment groups (MFx, 75%; OAT, 83%; ACI-1, 72%; ACI-2, 72%). Complications were events that led to an additional procedure(s), clinical failure as determined by individual study authors, and/or adverse events that led to patients discontinuing the study. The MFx group had significantly more complications when compared with ACI-1 and ACI-2 groups (both P < .05) and significantly fewer than the OAT group (P ¼ .011). The OAT group had significantly more complications when compared with ACI-1 and ACI-2 groups (both P < .001), and patients were significantly younger than the MFx group (P ¼ .019) and the ACI-2 group (P < .01).
The overall weighted mean increase in functional outcome score for all studies included was 22.6 ± 22.6 for MFx, 18.6 ± 16.7 for OAT, 19.8 ± 23.2 for ACI-1, and 34.5 ± 21.0 for ACI-2. However, the mean change in functional outcome score for only studies included in the cost-effectiveness analysis is presented in Table 2 . The change in functional outcome score was statistically greater for ACI-2 when compared with MFx, OAT, and ACI-1 (P < .0001), but no other significant differences were found between groups.
Procedural costs were calculated by Zhang et al 32 in a retrospective review of a national private insurance database. The mean cost for each procedure was $3989.65, $6110.46, and $10,195.16 for MFx, OAT, and ACI-1, respectively. 32 Diagnostic imaging represented the largest proportion of preoperative costs for all cartilage repair procedures, and rehabilitation was highest among postoperative costs. 32 Mean costs for repeat procedures after complications were greatest for ACI-1 ($730.00) and lowest for MFx ($231.16). Repeat procedures in ACI-1 were primarily performed due to knee stiffness and cartilage hypertrophy, and no MFx patients had such additional procedures. 32 As mentioned, a comprehensive cost analysis was not available for ACI-2. Thus, to perform a cost-effectiveness analysis, 8 studies were excluded. 2, 4, 6, 7, 16, 24, 25, 31 This left 109 knees undergoing MFx (mean follow-up, 32 months), 65 undergoing OAT (mean follow-up, 44 months), and 58 undergoing ACI-1 (mean follow-up, 18 months). The mean age at surgery was 30, 28, and 31 years among MFx, OAT, and ACI-1 patients, respectively. The mean lesion size was Figure 2D ). Pooled analysis revealed no statistical difference between studies.
Statistical assessment of heterogeneity found for MFx was I 2 ¼ 31.32% (95% CI, 0%-62.19%; P ¼ .41), for OAT was I 2 ¼ 21.08% (95% CI, 0%-72.76%; P ¼ .37), for ACI-1 was I 2 ¼ 0% (95% CI, 0%-25.16%; P ¼ .76), and for ACI-2 was I 2 ¼ 23.12% (95% CI, 0%-52.75%; P ¼ .53). In some analyses, these outcomes may represent moderate heterogeneity; however, since there were a limited number of studies for each summary estimate, these statistics are largely underpowered, and a nonstatistically significant result must not be assumed to be evidence of no heterogeneity.
DISCUSSION
This study measures the cost-effectiveness of 3 of the most common surgical procedures for treatment of focal knee cartilage lesions: MFx, OAT, and ACI. Next-generation ACI treatments provided significantly greater functional outcomes when compared with MFx, OAT, or ACI-1. ACI-1 was the most expensive procedure both in terms of total cost and cost-effectiveness.
Microfracture is a widely available, minimally invasive, arthroscopic technique associated with reasonable costs. 2 This procedure is technically simple, although fibrocartilage replacing the native hyaline cartilage is not ideal and can lead to higher revision rates than those seen with OAT. 21 Some authors believe that the MFx procedure fractures the subchondral bone, making the bone brittle and leading to worse results in future subsequent surgeries. 3 Multiple close penetrations of the subchondral bone may contribute to subchondral bone cyst formation and subchondral plate disruption. 13 One subchondral bone puncture, no matter how large the defect, would be adequate for leading to fibrin clot matrix formation. 13 Osteochondral autograft transplantation involves harvesting cylindrical osteochondral plugs from nonweightbearing articular regions of the knee to be transplanted into the chondral lesion. The autograft is a viable living structure that provides excellent bony support to the overlying hyaline cartilage. The use of either a single or multiple grafts (mosaicplasty) to achieve congruent repair can cover the recipient defect. 21 The OAT procedure restores a hyaline cartilage surface at the site of the lesion, though it requires longer operating times and more elaborate instrumentation than microfracture. 21 The bony part of the transplanted graft usually heals completely with the surrounding bone, while the cartilage surface, though viable, may not fully heal to the surrounding cartilage. 21 ACI-1 has been associated with limitations such as joint stiffness and arthrofibrosis after surgery, as well as Indicates statistical significance. MFx lesion size was calculated using 9 studies. 6, 7, 9, 14, 16, 18, 24, 25, 29 MFx lesion location was calculated using 5 studies. 8, 16, 18, 24, 29 OAT lesion location was calculated using 3 studies. 8, 18, 29 ACI-1 lesion location was calculated using 1 study. 18 ACI-2 lesion size was calculated using 7 studies, 4, 6, 7, 16, 24, 25, 31 and lesion location was calculated using 2 studies. 15, 24 Twelve studies were used to determine complications. 2,4,6,7,9,14,16,18,24,25,29,31 c Cost-per-point change was calculated after excluding 8 studies. 2, 4, 6, 7, 16, 24, 25, 31 (continued) Figure 2 . Individual and pooled estimates of the improvement of subjective outcome scores for (A) microfracture, (B) osteochondral autograft transplantation, (C) first-generation autologous chondrocyte implantation, and (D) next-generation autologous chondrocyte implantation. The size of the box representing the point estimate for each study in the forest plot is proportional to the contributing weight of that study estimate to the summary estimate.
periosteal hypertrophy that requires revision surgery in up to 42% of patients. 15 In addition, chondrocytes tend to lose their ability to form matrix and produce hyaline cartilage, and it is unclear whether transplanted cells regain this function after transplantation. 15 ACI-2 attempts to create cartilage-like tissue without the drawbacks associated with ACI-1. 15 Miller et al 19 studied the cost-effectiveness of microfracture and osteochondral autograft transplantation through a constructed cost model using surgical time, failure rates, revision surgeries, outcome scores, and return to athletics. The authors used cost data from their own institution and did not include preoperative costs or initial postoperative costs. In their study, MFx was more cost-effective when comparing Lysholm and HSS scores, but OAT was more cost-effective when comparing Tegner and ICRS scores. The authors also noted that there was a significantly lower cost for return to play in athletes after OAT compared with MFx. They concluded that MFx and OAT are comparable in terms of net cost and cost-effectiveness for the treatment of isolated articular cartilage lesions of the distal femur. The present study builds on this study by adding a new and increasingly used treatment, ACI, to a cost-effectiveness analysis. Our study also used pre-and postoperative costs, which may give a clearer picture of total costs associated with each procedure, as some procedures need more preoperative imaging and some can lead to more complications postoperatively.
There are several limitations to this study. Few studies listed standard deviations for age, follow-up time, and lesion size, limiting statistical comparisons of these demographics. Lesion size was greater in ACI-1 when compared with each of the other treatment options, although only 1 study listed standard deviations for this treatment, limiting the conclusions that can be drawn from this statistic. Lesion location was also not listed in many studies. Followup time varied between treatments, with patients undergoing OAT having a greater mean follow-up (38 months) compared with MFx (29 months), ACI-1 (19 months), and ACI-2 (27 months). In addition, microfracture is typically used as a short-term solution and has not shown promising long-term results. 8 OAT groups were significantly younger when compared with MFx and ACI-2 groups, although some studies were not included in this analysis due to lack of standard deviations. Furthermore, there were significantly more complications in OAT patients when compared with all other groups, and significantly more in MFx patients when compared with patients undergoing ACI-1 and ACI-2. In this study, ACI-1 had the lowest mean increase in functional outcome score as well as the shortest mean follow-up. Thus, longer follow-up in these studies may have shown further improvement in functional outcomes. The mean lesion size for microfracture was 3.4 cm 2 , which is larger than the indicated size for this procedure. 30 In addition, the publication used to obtain the costs associated with MFx, OAT, and ACI-1 only accounts for the costs up to 1 year postsurgery, so any required revisions after this period are unaccounted for. 32 Furthermore, the article did not include costs associated with ACI-2, and there were not enough data on the preand postoperative costs associated with ACI-2 to accurately estimate these costs ourselves. Therefore, ACI-2 was excluded in our cost-effectiveness analysis. Finally, the heterogeneity of some procedures, especially ACI-2, represents another limitation of this study.
CONCLUSION
MFx, OAT, ACI-1, and ACI-2 are 4 effective surgical procedures for the treatment of cartilage defects in the knee at short-term follow-up. All 4 treatments led to an increase in functional outcome scores postoperatively. ACI-2 had a statistically greater improvement in functional outcome scores compared with the other 3 procedures. MFx was found to be 
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